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METHOD AND CIRCUIT FOR OFF CHIP DRIVER CONTROL, AND MEMORY 

DEVICE USING SAME 

TECHNICAL FIELD 

The present invention relates generally to integrated circuits, and more 
5 specifically to output drive strength and slew rate control. 

BACKGROUND OF THE INVENTION 

In synchronous integrated circuits, the integrated circuit is clocked by an 
external clock signal and performs operations at predetermined times relative the rising and 
falling edges of the applied clock signal. Examples of synchronous integrated circuits 

10 include synchronous memory devices such as synchronous dynamic random access 
memories (SDRAMs), synchronous static random access memories (SSRAMs), and 
packetized memories like SLDRAMs and RDRAMs, and include other types of integrated 
circuits as well, such as microprocessors. The timing of signals external to a synchronous 
memory device is determined by the external clock signal, and operations within the 

15 memory device typically must be synchronized to external operations. For example, data 
words are placed on a data bus of the memory device in synchronism with the external 
clock signal, and the memory device must latch these data words at the proper times to 
successfully capture each data word. In the present description, "external" is used to refer 
to signals and operations outside of the memory device, and "internal" to refer to signals 

20 and operations within the memory device. Moreover, although the present description is 
directed to synchronous memory devices, the principles described herein are equally 
applicable to other types of synchronous integrated circuits. 

In a conventional double-data rate (DDR) synchronous dynamic random 
access memory (SDRAM), data drivers in the memory device may operate in either a full- 

25 drive operating mode or a reduced-drive operating mode, as will now be described in more 
detail. Although the principles described herein are . discussed with reference to a DDR 
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SDRAM, the principles are applicable to any memory device that may include a clock 
synchronization circuit for synchronizing internal and extemal signals, such as 
conventional synchronous DRAMs (SDRAMs), as well as packetized memory devices like 
SLDRAMs and RDRAMs, and are equally applicable to any integrated circuit that must 
5 synchronize internal and extemal clocking signals. 

In a conventional DDR SDRAM, a data driver receives a data signal DQ and 
outputs the data signal in response to being clocked by an internal clock signal. Ideally, the 
data driver outputs the DQ signal on a data bus of the DDR SDRAM in synchronism with a 
data strobe signal. In conventional DDR SDRAMs, however, the data driver may operate 

10 in either a full-drive mode or a reduced-drive mode of operation, and the electrical 
characteristics of the buffer can vary between modes, which affects the delay of the DQ 
signal relative to the data strobe signal. More specifically, in a conventional DDR SDRAM 
an extended load mode register includes an output drive strength bit that determines 
whether the data drivers operate in the full-drive or reduced-drive mode of operation. A 

15 memory controller typically sets the output drive strength bit in the extended load mode 
register via a load mode register command to thereby place the data driver in the desired 
operating mode. The data driver is typically placed in the full-drive mode when the DDR 
SDRAM is being utilized in a conventional application, such as on a conventional memory 
module, while the data driver may be placed in the reduced-drive mode when the DDR 

20 SDRAM is being utilized in a point-to-point application such as on a graphics card, as will 
be appreciated by those skilled in the art. During the full-drive mode, the data driver 
provides sufficient current to drive the DQ signals to full-range voltages for a particular 
loading of the data bus, while during the reduced-drive mode the driver provides a reduced 
current to drive the DQ signals to reduced voltages given the same loading of the data bus, 

25 as will also be appreciated by those skilled in the art. 

A conventional memory device may not satisfy a required access time or 
other specified parameter in both the fiill- and reduced-drive modes of operation. As a 
result, some memory devices, such as DDR H devices currently being developed, will 
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execute an off chip driver (OCD) impedance adjustment procedure in which a memory 
controller applies an OCD adjustment command to a memory device and thereafter 
provides data on the DQ bus to adjust the impedance or "drive strength" of the output 
drivers. The process is referred to as "impedance" adjustment because it is the impedance 
5 characteristics of the driver that are being controlled, and the impedance characteristics 
determine the drive current or drive strength with which the drivers drive the DQ bus, as 
will be appreciated by those skilled in the art. Thus, when referring to drive strength below 
this may be viewed as controlling the impedance of a driver or controlling the current 
supplied by the driver, with each being dependent upon the other. While the current DDR 
10 n specification provides various parameters for this overall process, many specifics are not 
set forth, such as circuitry for performing the desired adjustment. 

There is a need for a circuit and method for OCD impedance adjustment in 
DDR n memory devices and any other integrated circuit utilizing output drivers that may 
operate in two or more drive modes. 

1 5 SUMMARY OF THE INVENTION 

According to one aspect of the present invention, an off chip driver 
impedance adjustment circuit includes a storage circuit adapted to receive and store a drive 
strength adjustment word. A counter circuit is coupled to the storage circuit to receive the 
drive strength adjustment word and develops a drive strength count responsive to the drive 

20 strength adjustment word. An output driver circuit is coupled to the counter circuit to 
receive the drive strength count and is adapted to receive a data signal. The output driver 
circuit develops an output signal on an output responsive to the data signal and adjusts a 
drive strength as a function of the drive strength count. 

BRIEF DESCRIPTION OF THE DRAWINGS 
25 Figure 1 is a functional block diagram of an off chip driver impedance 

adjustment circuit according to one embodiment of the present invention. 
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Figure 2 is a schematic of the write control circuit of Figure 1 according to 
one embodiment of the present invention. 

Figure 3 is a schematic of the latch of Figure 1 according to one 
embodiment of the present invention. 
5 Figure 4 is a schematic of each of the counters of Figure 1 according to one 

embodiment of the present invention. 

Figure 5 is a schematic of one of the individual coimter bit circuits forming 
the counter of Figure 4. 

Figure 6 is a schematic illustrating the output drivers of Figure 1 according 
10 to one embodiment of the present invention. 

Figure 7 is a functional schematic of the pre-drivers of Figure 1 according to 
one embodiment of the present invention. 

Figure 8 is a schematic illustrating one embodiment of the pull-up circuit of 

Figure 7. 

1 5 Figure 9 is a schematic of each of the inverters forming the pull-up circuit of 

Figure 7 according to one embodiment of the present invention. 

Figure 10 is a schematic illustrating one embodiment of the pull-down 
circuit of Figure 7. 

Figure 1 1 is a schematic of each of the inverters forming the pull-down 
20 circuit of Figure 10 according to one embodiment of the present invention. 

Figure 12 is a functional block diagram of a memory device including the 
off chip driver impedance adjustment circuit of Figure 1. 

Figure 13 is a functional block diagram of the computer system including 
the memory device of Figure 12. 

25 DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 is a functional block diagram of an off chip driver (OCD) 
impedance adjustment circuit 100 according to one embodiment of the present invention. 
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j In operation, an external circuit (not shown) such as a memory controller applies a drive 

strength adjustment word DRADJ<0:3> to the adjustment circuit 100, and in response to 
the applied DRADJ<0:3> word a pair of up/down (UP/DN) counters 102 and 104 develop 
respective drive strength words to thereby adjust the output drive strength of a pair of 
5 output drivers 106 and 108, as will be discussed in more detail below, hi the following 
description, certain details are set forth to provide a sufficient understanding of the 
invention. It will be clear to one skilled in the art, however, that the invention may be 
practiced without these particular details. In other instances, well-known circuits, control 
signals, timing protocols, and software operations have not been shown in detail or omitted 

10 entirely in order to avoid unnecessarily obscuring the invention. 

In the impedance adjustment circuit 100, a latch 110 latches the drive 
strength adjustment word DRADJ<0:3> applied on a data bus DQ responsive to an OCD 
clock signal OCDCLK from a write control circuit 112. The write control circuit 112 
develops a number of control signals 114 that are applied to control various components in 

15 the adjustment circuit 100, as will be described in more detail below. The DRADJ<0:3> 
word is a four-bit word in the example of Figure 1, and the latch 110 outputs two of the 
latched adjustment bits as pull-up bits PUP-UP and PUP-DN and outputs the other two of 
the latched adjustment bits as pull-down bits PDN-UP and PDN-DN. 

The pull-up bits PUP-UP, PUP-DN are applied to the pull-up UP/DN 

20 counter 102, which increments or decrements a pull-up drive strength count PUP-DR<0:3> 
responsive to the applied adjustment bits. Similarly, the pull-down bits PDN-UP, PDN-DN 
are appUed to the pull-down UP/DN counter 104, which increments or decrements a pull- 
down drive strength word PDN-DR<0:3> responsive to the applied adjustment bits. The 
pull-up UP/DN counter 102 operates in either an adjustment or default mode of operation 

25 as determined by the control signals 114 from the write control circuit 112. In the 
adjustment mode, each counter 102, 104 operates as previously described to increment or 
decrement the pull-up and pull-down counts PUP-DR<0:3>, PDN-DR<0:3>, while in the 
defauh mode the counters utilize a corresponding pull-up fuse adjustment word FADJ- 
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PU<0:3> or pull-down fuse adjustment word FADJ'PD<0:3> to generate the corresponding 
drive strength count PUP-DR<0:3>, PDN-DR<0:3>. 

An extended mode register 116 stores several bits associated with the drive 
strength adjustment process, including a half drive strength bit HDRV which, when set, 
5 causes the drive strength of the drivers 106, 108 to be set to half the default value defined 
by the FADJ-PU<0:3>, FADJ-PD<0:3> words. Other bits in the extended mode register 
1 16 determine whether the write control circuit 112 controls the components in the circuit 
100 to adjust the drive strength of the drivers 106, 108 or utilize the default drive 
determined by the FADJ-PU<0:3>, FADJ-PD<0:3> words, as will be discussed in more 

10 detail below. The extended mode register 1 16 is a standard component in SDRAMs, with 
the memory controller loading bits into the register to define various operating parameters 
of the SDRAM. For example, in addition to the fiill or half drive strength as previously 
mentioned, bits in the extended mode register 1 16 control the enabling or disabling of data 
strobes provided by the SDRAM, and the enabling or disabling of a delay-locked loop 

15 synchronization circuit (not shown) in the SDRAM, as well as determining other 
operational parameters of the SDRAM as will be understood by those skilled in the art, 

A predriver 118 receives the PUP-DR<0:3> count firom the counter 102 and 
also receives a data signal designated QINi fi-om a memory-cell array 120. In response to 
the PUP-DR<0:3> count and the QINi signal, the predriver 118 develops a pull-up drive 

20 strength word PUPi<0:4> that is applied to the output driver 102. One bit of the five bit 
PUPi<0:4> word is determined by the logic state of the QINi signal, while the other four 
bits each have values determined by the QINi signal and the applied PUP-DR<0:3> word, 
and fimction to set the drive strength of the output driver 106. A predriver 122 receives the 
PDN-DR<0:3> word from the counter 104 and also receives the QINi signal, and operates 

25 in the same way as the predriver 118 to generate a pull-down drive strength word 
PDN<0:4> that is appUed to the output driver 104. Thus, for each PUPi<0:4>, PDN<0:4> 
word, one of the five bits corresponds to the QENi signal while the other four bits set the 
drive strength of the corresponding output driver 106, 108. The drive strength of each 



driver 106, 108 may be set to one of sixteen values in the embodiment of Figure 1, with the 
specific value being determined by the four bits in the corresponding PUPi<0:4>, 
PDN<0:4> word. Each predriver 118, 122 also provides for slew rate compensation to 
precisely control when the signals forming the PUPi<0:4>, PDN<0:4> words are applied to 
5 the drivers 106, 108, which in turn controls the precise time at which each driver drives the 
data line 124 high or low, as will be discussed in more detail below. 

One of the output drivers 106, 108 is activated in response to the applied 
PUPi<0:4>, PDN<0:4> word, and the activated driver 106, 108 applies data a data line 124 
of the data bus DQ. Whether each driver 106, 108 is activated to drive the data line 124 

10 depends on the state of the one bit in the PUPi<0:4>, PDN<0:4> words corresponding to 
the QINi signal. When the QINi signal is low, the pull-up driver 106 is activated to drive 
the data line 124 high with a drive strength set by the other four bits in the PUPi<0:4> 
word. Conversely, when the QINi signal is high the pull-down driver 108 is activated to 
drive the data line 124 low with a drive strength set by the other four bits in the PDN<0:4> 

15 word. 

The overall operation of the OCD impedance adjustment circuit 100 will 
now be described in more detail. In operation, the circuit 100 operates in two modes, an 
adjustment mode and a default mode, as determined by bits in the extended mode 
register 116. In the default mode, the write control circuit 112 develops the control 

20 signals 114 that cause the counters 102, 104 to develop the PUP-DR<0:3>, PDN-DR<0:3> 
counts using the corresponding default FADJ-PU<0:3>, FADJ-PD<0:3> words. In this 
mode, the control circuit 112 does not apply the OCDCLK signal to clock the latch. These 
PUP-DR<0:3>, PDN-DR<0:3> counts may be termed default words, and are applied to the 
predrivers 1 18, 122 which, in tum, generate the PUPi<0:4> and PDN<0:4> words using the 

25 defauh values and an applied QINi signal. Each driver 106, 108 thus drives the data 
line 124 with a default drive strength defined by the PUP-DR<0:3>, PDN-DR<0:3> counts 
fi*om the counters 102, 104. When the QINi signal is low, the pull-up driver 106 drives the 
data line 124 high with the default drive strength, while the pull-down driver 108 drives the 
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data line low with the default drive strength when the QDSfi signal is high. The default 
drive strength of each driver 106, 108 is one of the 16 possible values. For example, the 
four bits in each of the PUPi<0:4>, PDN<0:4> that set the drive strength of the 
corresponding driver 106, 108 could have the values (0111), which would be half way 
5 between a minimum value of (0000) and a maximum value of (1 1 1 1). 

In the adjustment mode, the write control circuit 112 develops the control 
signals 114 and OCDCLK signal to cause the counters 102, 104 to adjust the values of the 
PUP-DR<0:3>, PDN-DR<0:3> counts using the DRADJ<0:3> words. More specifically, 
the memory controller (not shown) loads bits into the extended mode register 1 16 to place 

10 the circuit 100 into the adjustment mode, and also initially develops control signals 114 that 
cause each counter 102, 104 to set the PUP-DR<0:3>, PDN-DR<0:3> counts to their 
default values as determined by the corresponding FADJ-PU<0:3>, FADJ-PD<0:3> words. 
The memory controller thereafter sequentially applies DRADJ<0:3> words on the data bus 
DQ, and the write control circuit 112 develops the OCDCLK signal to clock each 

15 DRADJ<0:3> word into the latch 1 10. 

For each latched DRADJ<0:3> word, the latch 110 outputs the 
corresponding PUP-UP, PUP-DN and PDN-UP, PDN-DN bits to the counters 102, 104. In 
response to the applied PUP-UP, PUP-DN bits, the counter 102 either increments or 
decrements the PUP-DR<0:3> count. Thus, if the default value of the PUP-DR<0:3> count 

20 was 0111 and the count is decremented by one, the new value of the count is 0110. The 
counter 104 operates in the same way responsive to the PDN-UP, PDN-DN bits to 
increment or decrement the PDN-DR<0:3> count. 

At this point, the adjusted PUP-DR<0:3>, PDN-DR<0:3> counts are applied 
to the predrivers 118, 122 along with the QINi signal fi'om the memory-cell array. In 

25 response to the PUP-DR<0:3> count and QINi signal, the predriver 118 develops the 
PUPi<0:4> word that is applied to the output driver 106, and the predriver 122 develops the 
PDN<0:4> word in the same manner responsive to the PDN-DR<0:3> count and QINi 
signal. Depending on the logic state of the QINi signal, one of the drivers 106, 108 is 
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activated and drives the data line 124 high or low. If the QINi signal is high, the driver 108 
is activated and drives the data line 124 low, while the driver 106 is activated if the QINi 
signal is low to thereby drive the data line high. The memory controller captures the data 
signal placed on the data line 124 responsive to a data strobe signal DQS (not shown) that 
5 is output coincident with the data signal, and the captured data signal is utilized in 
determining a final drive strength of the drivers 106, 108, as will be discussed in more 
detail below. 

The memory controller repeats the process just described for a number of 
DRADJ<0:3> words. For each applied DRADJ<0:3> word, the latch 110 captures the 

10 word and outputs the corresponding PUP-UP, PUP-DN, PDN-UP, PDN-DN bits to 
increment or decrement and the counters 102, 104, and the predrivers 118, 122 and output 
drivers 106, 108 thereafter operate as previously described to adjust the drive strength of 
the output drivers and drive the data line 124. Each DRADJ<0:3> word results in the drive 
strength of each driver 106, 108 either being incremented or decremented from its prior 

15 value, or results in the drive strength remaining the same. The memory controller 
continues operating in this manner to adjust the strength of the drivers 106, 108 to desired 
values. The specific process utilized by the controller in determining a final value for the 
drive strength is not relevant to the present invention and may vary, and thus, for the sake 
of brevity, such a process will not be described in more detail. The OCD impedance 

20 adjustment circuit 100 allows the controller to easily adjust the drive strengths of the 
drivers 106, 108 to such desired values. Note that the extended mode register 116 and 
memory-cell array 120 are shown in Figure 1 for convenience in describing the operation of 
the OCD impedance adjustment circuit 100, and need not be considered components of the 
impedance adjustment circuit. 

25 Figure 2 is a schematic of the write control circuit 112 of Figure 1 according 

to one embodiment of the present invention. The write control circuit 112 receives a 
power-up reset signal DQRST fi"om circuitry (not shown) which is activated upon power- 
up of a memory device containing the write control circuit 1 12. The DQRST signal has a 
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high logic level during power up, but is typically at a low logic level otherwise. The active 
DQRST signal apphed to a NOR gate 208 causes a default signal DEFAULT output by an 
inverter 210 to become active high, which in turn forces the OCDCLK signal high as well. 
A default drive signal OCDR has a logic level responsive to corresponding bits loaded in 
5 the extended mode register 1 16, as previously discussed, and is used to force a default drive 
strength. A half drive signal HDRV is used to set the drive strength of the output drivers 
106, 108 to be approximately one half the default drive strengths, and has a logic level 
responsive to corresponding bits loaded in the extended mode register 116. The HDRV 
signal is appUed through series-connected delay circuits 200-204 as shown to an XOR gate 

10 206 to generate a pulse that sets the counters 102 and 104 to their default values when the 
HDRV is initially set. In the event that the OCDR and DQRST signals, and the HDRV 
pulse are all inactive, drive strength adjustments can be made. 

More specifically, a reset signal OCDW applied through an inverter 218 to a 
reset input of a first RS latch 212 formed by cross-coupled NAM) gates 214, 216 is pulsed 

15 high to prepare the write control circuit 1 12 for a data write operation in order to load an 
OCD adjustment control word. The DEFAULT signal is also applied to the NAND gate 
216 through an inverter 222. As a result of the OCDW pulse, the OCDCLK signal is 
forced to a low logic level. A subsequent write command will now cause a set signal 
WRH, which is applied through an inverter 220 to a set input of the latch 212 and also to a 

20 reset input of a second RS latch 228 formed by cross-coupled NAND gates 230 and 232, to 
pulse high when the OCD adjustment control word is valid. Upon the rising edge of the 
WRH pulse, the OCDCLK signal is forced back to a high logic level via the inverters 224, 
226 to latch the OCD adjustment control word. While the WRH pulse is high, a strobe 
pulse STRB remains in a low logic state. However, when the WRH pulse goes low, an 

25 active STRB pulse is output in response to the output of the NAND gate 232 being applied 
to an inverter 234, delay circuit 236, NOR gate 238, and inverters 240, 242, after the OCD 
adjustment word has been latched. As will be explained in more detail below, the 
DEFAULT and STRB signals are appUed to control other components in the adjustment 
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circuit 100. For example, the active STRB pulse forces the counters 102, 104 to respond to 
the latched drive adjustment word. 

Figure 3 is a schematic of the latch 110 of Figure 1 according to one 
embodiment of the present invention. The latch 110 includes four flip-flops 300-306 that 
5 receive respective bits of the DRADJ<0:3> word and latch these respective bits responsive 
to the OCDCLK signal. The flip-flops 300-306 are reset responsive to the DQRST signal, 
with each flip-flop driving a corresponding output inactive low responsive to the DQRST 
signal going active. The latched DRADJ<0>-DRADJ<1> bits are output from the flip- 
flops 300 and 302 as the PDN-DN and PDN-UP bits, respectively, and are applied to the 

10 pull-down UP/DN counter 104 (Figure 1). Similarly, the latched DRADJ<2>-DRADJ<3> 
bits are output from the flip flops 304 and 306 as the PUP-DN and PUP-UP bits, 
respectively, and are applied to the pull-up UP/DN counter 102 (Figure 1). 

Figure 4 is a schematic of each of the counters 102, 104 of Figure 1 
according to one embodiment of the present invention. In the following description, the 

15 counter in Figure 4 will be referred to as the pull-up UP/DN counter 102 for ease of 
description. The counter 102 includes four counter bit circuits 400-406, with each counter 
bit circuit having respective complementary outputs DR<0>, DRi<0>-DR<3>, DRi<3> that 
are applied through series-connected inverters 408 to generate a corresponding bits of the 
PUP-DR<0:3> count. 

20 The DEFAULT and STRB signals generated by the write control circuit 1 12 

of Figure 2 are applied through respective inverters 410, 412 to generate complementary 
signals DEFAULTi and STRBi that are applied to each of the coimter bit circuits 400-406. 
When the complementary DEFAULT signals are active, each counter bit circuit 400-406 
operates in the default mode and one of the bits FADJ<0>-FADJ<3> is provided as the 

25 corresponding DR<0:3>, DRi <0:3> outputs, with the specific output provided depending 
upon the state of the HDRV signal. The FADJ<0>-FADJ<3> bits in Figure 4 correspond 
to the FADJ-PU<0>-FADJ-PU<3> bits shown in Figure 1. An example of the operation of 
the coxmter bit circuits 400-406 in the default mode will now be described in more detail 
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for the counter bit circuit 400. When the HDRV signal is inactive, the counter bit circuit 
400 latches the FADJ<0> bit responsive to the STRB signals and outputs the latched bit as 
the DR<0>, DRi<0> bits. When the HDRV signal is active, the counter bit circuit 400 
. latches the FADJ<1> bit responsive to the STRB signals and outputs this latched bit as the 
5 DR<0>, DRi<0> bits. This results in the bits of the FADJ<0:3> word being shifted to the 
right one place when the HDRV signal is active, which divides the value of the FADJ<0:3> 
word by two. 

When the DEFAULT signals are inactive, each counter bit circuit 400-406 
operates in the adjustment mode and either toggles or leaves the same the corresponding 

10 DR, DRi bits responsive to a toggle signal PRE-TGLO-3 applied to each of the counter bit 
circuits. A NOR gate generates the PRE-TGL-0 signal applied to circuit 400 responsive to 
three input signals. An XOR gate 416 receives the PUP-UP, PUP-DN bits and applies an 
active input to the NOR gate 414, and otherwise provides an inactive input to the NOR 
gate. A NAND gate 418 and NOR gate 420 operate in combination as a fiill-up coxmt 

15 detection circuit, with the NOR gate 420 applying a high input to the NOR gate 414 when 
the PUP-DR<0:3> count has its maximum value of (1 11 1). Similarly, a NAND gate 422 
and NOR gate 424 operate in combination as a full-down count detection circuit, with the 
NOR gate 424 applying a high input to the NOR gate 414 when the PUP-DR<0:3> count 
has its minimum value of (0000). The PUP-UP signal is applied through an inverter 426 to 

20 enable the NOR gate 420 when this signal is high and the PUP-DN signal is applied 
through an inverter 428 to enable the NOR gate 424 when this signal is high. In this way, 
the NOR gate 420 is enabled when the PUP-DR<0:3> count is being incremented to 
determine whether the count has reached its maximum value, and the NOR gate 424 is 
enabled when the PUP-DR<0:3> count is being decremented to determine whether the 

25 count has reached its minimum value. 

When any of the outputs of the NOR gates 420, 424, or XOR gate 416 goes 
inactive high, the NOR gate 414 drives the PRE-TGL-0 signal low, which disables the 
toggling of the DR<0> bits responsive to the STRB signals. When the PRE-TGL-0 signal 
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is high, meaning the PUP-UP and PUP-DN signals have complementary values and the 
PUP-DR<0:3> count is not at its maximum or minimum, the counter bit circuit 400 toggles 
the bit DR<0> responsive to the STRB signals. 

A transmission gate 430 receives the PUP-UP, PUP-DN signals and outputs 
5 one of the signals responsive to the DR<0>, DRi<0> bit from the counter bit circuit 400, 
with the output PUP-UP, PUP-DN signal being applied to a NAND gate 432. The PRE- 
TGL-0 signal is also applied to enable the NAND gate 432, and the output of the NAND 
gate 432 is applied through an inverter 434 to generate a toggle signal PRE-TGL-1 applied 
to the coxmter bit circuit 402. The counter bit circuit 402 operates in the same way as 

10 described for the circuit 400 responsive to the PRE-TGL-1 signal and other signals applied 
to the circuit. Components 436-446 operate in the same way as described for the 
components 430-434 to generate a PRE-TGL-2 signal applied to the counter bit circuit 404 
and a PRE-TGL-3 signal applied to the counter bit circuit 406. 

In operation, when the PUP-UP signal is 1 and PUP-DN signal is 0, the 

15 counter 102 increments the PUP-DR<0:3> coxmt by one, and when the PUP-UP signal is 0 
and PUP-DN signal is 1 the counter decrements this count by one. Note that whenever the 
PRE-TGL-0 signal is inactive low, meaning that counter bit circuit 400 will not toggle the 
least significant bit DR<0>, all other counter bit circuit 402-406 will be similarly disabled. 
The theory of operation of the counter 102 will now be briefly described with reference to 

20 Figure 4, although one skilled in the art will understand such operation merely from the 
illustrated schematic. In incrementing the PUP-DR<0:3> count, the least significant bit 
DR<0> alternately toggles between 0 and 1. For a given bit of the PUP-DR<0:3> count, if 
the next least significant bit is a 0 then the given bit does not toggle. For example, if the 
current value of the PUP-DR<0:3> count is (1010), the DR<1> bit will not toggle because 

25 the DR<0> bit is a 0. Also, for a given bit of the PUP-DR<0:3> count, this bit will only 
toggle when all lesser significant bits are I's. For example, the count (1010) will increment 
to (1011) and the DR<2> did not toggle because the DR<0> and DR<1> lesser significant 
bits were not both 1 's. However, at this point, if incremented, the count increments to 
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1100, with the DR<2> bit toggling to a 1 because both the DR<0> and DR<1> bits are Ts. 
Note that in this example the DR<3> bit does not toggle since not all lesser significant bits 
are I's. The operation in decrementing the PUP-DR<0:3> count is similar and will be 
xmderstood by those skilled in the art. 
5 Figure 5 is a schematic of one of the individual counter bit circuits 400-406 

forming the counter 102 of Figure 4. In the following description, the depicted circuit is 
assumed to be the counter bit circuit 400. When the complementary STRB signals are 
inactive, a transmission gate 500 applies the PRE-TGL signal to one input of a NAM) gate 
502 and also through series connected inverters 504, 506 to a second input of the 

10 transmission gate. The transmission gate 500 and inverters 504, 506 operate as a latch to 
latch the previous value of the PRE-TGL signal and provide this signal on a node 507 when 
the STRB signals go active. When the PRE-TGL signal is high, the NAND gate 502 is 
enabled and drives its output low when the STRB signals go active. The output of the 
NAND gate 502 is applied directly and through an inverter 508 to transmission gates 510, 

15 512. The transmission gate 510 and a pair of inverters 514, 516 operate as a first latch 
having an output LI, and the transmission gate 512 and a pair of inverters 518, 520 operate 
as a second latch having an output L2. The output L2 of the second latch is applied directly 
and through an inverter 522 to generate DRi<0> and DR<0> bits. 

In operation, when the latched PRE-TGL signal on the node 507 is active 

20 high to enable the NAND gate 502, the NAND gate drives its output low responsive to the 
STRB signals going active and drives its output high responsive to the STRB signals going 
inactive. Assuming that the output LI is initially low, when the output of the NAND gate 
502 is low, the transmission gate 512 is enabled and applies the output LI to the inverter 
518 which, in turn, drives the output L2 high. When the output of the NAND to 502 goes 

25 high, the output L2 is applied through the inverter 520 and through the transmission gate 
512 to the input of the inverter 518 such that the second latch stores the value of L2, which 
is the complementary value of LI. Also note that the output L2 is applied through the 
inverter 520 to an input of the transmission gate 510. When the output of the NAND gate 
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502 goes high, the transmission gate 510 is enabled and the value of L2 is applied through 
the inverter 520, through the transmission gate 510, and through the inverter 514 to the 
output LI of the first latch. When the output of the NAND to 502 once again goes low, this 
new value for the output H, which is same as the current value of L2, will be applied 
5 through the inverter to provide the complement of this signal as the new L2 value. In this 
way, the first and second latches are merely serially-connected latches with the output of 
the second latch being inverted and fed back to the input of the first latch, as will be 
appreciated by those skilled in the art. When the DEFAULT signal is high, a gate 524 is 
enabled to force L2 to a value determined by the HDRV signal and the FADJ <0:1> bits, as 
10 previously described. It will be appreciated by those ordinarily skilled in the art that the 
gate 524 has higher drive than the transmission gate 512 to overwrite the second latch for 
L2. 

Figure 6 is a schematic illustrating one embodiment of the output drivers 
106, 108 of Figure 1. The output driver 106 includes five PMOS transistors 600-608 

15 coupled between a supply voltage VCC and the data line 124, each PMOS transistor 
receiving a respective bit of the PUPi<0:4> word from the predriver 118 (Figiu-e 1). When 
any of the PUPi<0>-<4> bits is low, the corresponding PMOS transistor 600-608 turns on, 
driving the data line 124 high through that transistor. The drive strength of the driver 106 
is determined by the number of transistors 600-608 that are turned on. The PMOS 

20 transistor 600 provides the minimum drive strength of the driver 106 in that if the driver is 
activated to drive the data line 124 high, and the data line will be driven high through at 
least the PMOS transistor 600. 

The output driver 108 includes five NMOS transistors 610-618 coupled 
between ground and the data line 124, each NMOS transistor receiving a respective bit of 

25 the PDN<0:4> word fi-om the predriver 122 (Figure 1). When any of the PDN<0>-<4> bits 
is high, the corresponding NMOS transistor 610-618 tums on, driving the data line 124 low 
through that transistor. The drive strength of the driver 108 is determined by the number of 
transistors 610-618 that are tumed on, and the NMOS transistor 610 provides the minimum 
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drive strength of the driver in that if the driver will drive the data line low through at least 
the NMOS transistor 610. 

Figure 7 is a functional schematic of the pre-drivers 118, 122 of Figure 1 
according to one embodiment of the present invention. The QINi signal from the memory- 
5 cell array 120 (Figure 1) is stored by a latch 700 formed by cross-coupled inverters 702, 
704 and applied to first inputs of a NAND gate 706 and a NOR gate 708. A latch 710 
formed by cross-coupled inverters 712, 714 latches an extemal signal LQEDi. When the 
LQEDi is active low, the latch 710 applies a high output to enable the NAND gate 706 and 
is applied through a transmission gate 716 to enable the NOR gate 708. An enable drive 

10 signal ENDRV is applied to a PMOS transistor 718, and when activated forces the LQEDi 
signal high to thereby disable the NAND gate 706 and NOR gate 708. 

In operation, when the QINi signal is low, the NAND gate 706 applies an 
active low output through series-connected inverters 720, 722 to an input of an inverter 724 
formed by a PMOS transistor 726 and an NMOS transistor 728. In response to the low 

15 output from the inverter 722, the PMOS transistor 726 turns on driving an input of a pull- 
up circuit 730 high. Conversely, when the QINi signal is high, the NAND gate 706 drives 
its output high and the inverter 724 drives the input of the pull-up circuit 730 low. The 
pull-up circuit 730 also receives the PUP-DR<0:3> count from the counter 102 (Figure 1), 
and in response to this count and the output of the inverter 724 the pull-up circuit generates 

20 the PUPi<0:4> word. A resistor network 731 is coupled to a low terminal of the pull-up 
circuit 730 and determines a rate at which the circuit drives each of the bits in the 
PUPi<0:4> word to its desired value, as explained in more detail below. 

In response to the low QINi signal, the nor gate 708 also applies a low 
output through series-connected inverters 732 and 734 to an input of an inverter 736 

25 formed by a PMOS transistor 738 and an NMOS transistor 740. The inverter 736 operates 
in the same way as the inverter 724 in response to the low input to drive an input of a pull- 
down circuit 742 high. The pull-down circuit 742 also receives the PDN-DR<0:3> count 
from the counter 104 (Figure 1), and in response to this count and the output of the 
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inverter 736, the pull-down circuit 742 generates the PDN<0:4> word. A resistor network 
741 is coupled to a high terminal of the pull-down circuit 742 and determines a rate at 
which the circuit drives each of the bits in the PDN<0:4> word to its desired value, as 
explained in more detail below. 
5 Figure 8 is a schematic illustrating one embodiment of the pull-up circuit 

730 of Figure 7. The pull-up circuit 730 includes a plurality of inverters 800-808 each 
receiving an input signal IN corresponding to the output of the inverter 724 in Figure 7, 
The value of the input signal IN is the complement of the value of the QINi signal, as 
indicated in parentheses in Figure 8. Each inverter 800-808 receives an enable signal 

10 which, when active, allows for normal operation of the inverter and when inactive drives 
the output of the inverter high independent of the input signal IN. The enable signal of the 
inverter 800 is coupled to a supply voltage VCC to permanently enable the inverter and 
cause the inverter to provide the complement of the IN signal as the PUPi<4> bit. The 
enable signals of the inverters 802-808 are supplied by the respective PUP-DR<0>-PUP- 

15 DR<3> bits from the counter 102. When a given bit is high (i.e., the logic 1), the 
corresponding inverter 802-808 is enabled and the inverter drives the corresponding 
PlJPi<0>-PUPi<3> to a level determined by the value of the IN signal. Each inverter 800- 
808 also includes a LOW terminal that is coupled to the resistor network 731 of Figure 7. 

Figure 9 is a schematic of each of the inverters 800-808 forming the pull-up 

20 circuit 730 of Figure 7 according to one embodiment of the present invention. In the 
following description, the schematic of Figure 9 will be described as the inverter 802. The 
PUP-DR<3> bit corresponds to the enable signal for the inverter 802 and is applied directly 
and through an inverter 900 to a transmission gate 902. The EN signal is applied through 
the transmission gate 902 to an input of an inverter 904 formed by a PMOS transistor 906 

25 and an NMOS transistor 908 coupled between a supply voltage VCC and the LOW 
terminal which, as previously discussed, is coupled to the resistor network 731 of Figure 7. 
The output of the inverter 904 corresponds to the PUPi<3> bit applied to the pull-up driver 
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106 of Figure 6. The output of the inverter 900 is further appHed to an NMOS transistor 
910 coupled between the input of the inverter 904 and ground. 

In operation, when the PUP-DR<3> bit is active high, the transmission gate 
902 is enabled and the IN signal is appHed to the input of the inverter 904 which, in turn, 
5 generates the PUPi<3> bit having a value that is the complement of the IN signal. The 
value of the resistor network 731 coupled to the LOW terminal of the inverter 904 
determines the rate at which the inverter drives the PUPi<3> bit to its desired value and 
thus controls the slew rate of the inverter. The NMOS transistor 910 is tumed off when the 
PUP-DR<3> bit is active high. When the PUPi<3> bit is inactive low (i.e., is a logic 0), 

1 0 the transmission gate 902 is disabled and the transistor 910 tums on driving the input of the 
inverter 904 low which, in tum, drives the PUPi<3> bit high independent of the IN signal. 

Figure 10 is a schematic illustrating one embodiment of the pull-down 
circuit 742 of Figure 7. The pull-down circuit 742 includes five inverters 1000-1008 
coupled in much the same way as the inverters 800-808 previously described with reference 

15 to Figure 8, and thus, the interconnection of these inverters will not again be described in 
detail. The inverter 1000 is permanently enabled while each of the other inverters 1002- 
1008 is enabled by a respective PDN-DR signal. That is, when a given bit is high (i.e., the 
logic 1), and the corresponding inverter 1002-1008 is enabled when the corresponding 
PDN-DR<3>-PDN-DR<0> bit is a 1, the inverter drives the corresponding PDN<0>- 

20 PDN<3> bit to a level determined by the value of the IN signal. Each inverter 1002-1008 
also includes a HIGH terminal that is coupled to the resistor network 741 of Figure 7. 
When disabled, each of the inverters drives the corresponding PDN<3>-PDN<0> bit low 
regardless of the signal level of the IN signal applied to its input. 

Figure 11 is a schematic of each of the inverters 1000-1008 forming the 

25 pull-down circuit 742 of Figure 10 according to one embodiment of the present invention. 
The inverter 1002 is assumed to be illustrated in Figure 11, and includes components 1 100- 
1 108 that function in substantially the same way as components 900-908 in the inverter 802 
of Figure 9, and thus will not again be described in detail. The inverter 1002 includes a 
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PMOS transistor 1110 coupled between a supply voltage VCC and the input of the inverter 
1104. When the PDN-DR<3> bit is inactive to disable the inverter 1002, the PMOS 
transistor 1110 turns on driving the input of the inverter 1104 high which, in turn, drives 
the PDN<3> bit low. The HIGH terminal of the inverter 1002 is coupled to the resistor 
5 network 741 of Figure 7, and the value of the resistor network determines the rate at which 
the inverter drives the PDN<3> bit to its desired value, and thus, controls the slew rate of 
the inverter 1002. 

Figure 12 is a functional block diagram of a memory device 1200 including 
the (OCD) impedance adjustment circuit 100 of Figure 1. The memory device 1200 in 

10 Figure 12 is a double-data rate (DDR) synchronous dynamic random access memory 
("SDRAM"), although the principles described herein are particularly applicable to DDR 11 
DRAM or any other integrated circuit that may include OCD impedance adjustment. 

The memory device 1200 includes an address register 1202 that receives 
row, column, and bank addresses over an address bus ADDR, with a memory controller 

15 (not shown) typically supplying the addresses. The address register 1202 receives a row 
address and a bank address that are applied to a row address multiplexer 1204 and bank 
control logic circuit 1206, respectively. The row address multiplexer 1204 applies either 
the row address received from the address register 1202 or a refresh row address from a 
refresh counter 1208 to a plurality of row address latch and decoders 1210A-D. The bank 

20 control logic 1206 activates the row address latch and decoder 1210A-D corresponding to 
either the bank address received from the address register 1202 or a refresh bank address 
from the refresh coimter 1208, and the activated row address latch and decoder latches and 
decodes the received row address. In response to the decoded row address, the activated 
row address latch and decoder 1210A-D applies various signals to a corresponding memory 

25 bank 1212A-D to thereby activate a row of memory cells corresponding to the decoded row 
address. Each memory bank 1212A-D includes a memory-cell array having a plurality of 
memory cells arranged in rows and columns, and the data stored in the memory cells in the 
activated row is stored in sense amplifiers in the corresponding memory bank. The row 
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address multiplexer 1204 applies the refresh row address from the refresh counter 1208 to 
the decoders 1210A-D and the bank control logic circuit 1206 uses the refresh bank address 
from the refresh counter when the memory device 1200 operates in an auto-refresh or self- 
refresh mode of operation in response to an auto- or self-refresh command being applied to 
5 the memory device 1200, as will be appreciated by those skilled in the art. 

A column address is applied on the ADDR bus after the row and bank 
addresses, and the address register 1202 applies the column address to a column address 
counter and latch 1214 which, in turn, latches the column address and applies the latched 
column address to a plurality of column decoders 1216A-D. The bank control logic 1206 

10 activates the column decoder 1216A-D corresponding to the received bank address, and the 
activated column decoder decodes the applied column address. Depending on the operating 
mode of the memory device 1200, the column address counter and latch 1214 either 
directly applies the latched colimin address to the decoders 1216A-D, or applies a sequence 
of column addresses to the decoders starting at the colunrn address provided by the address 

15 register 1202. Li response to the column address from the covmter and latch 1214, the 
activated column decoder 1216A-D applies decode and control signals to an I/O gating and 
data masking circuit 1218 which, in turn, accesses memory cells corresponding to the 
decoded column address in the activated row of memory cells in the memory bank 1212A- 
D being accessed. 

20 During data read operations, data being read from the addressed memory 

cells is coupled through the I/O gating and data masking circuit 1218 to a read latch 1220. 
The I/O gating and data masking circuit 1218 supplies N bits of data to the read latch 1220, 
which then applies two N/2 bit words to a multiplexer 1222. In the embodiment of Figure 
3, the circuit 1218 provides 64 bits to the read latch 1220 which, in turn, provides two 32 

25 bits words to the muUiplexer 1222. A data driver 1224 sequentially receives the N/2 bit 
words from the multiplexer 1222 and also receives a data strobe signal DQS from a strobe 
signal generator 1226 and a delayed clock signal CLKDEL from a delay-locked loop (DLL) 
1227. The DQS signal is used by an external circuit such as a memory controller (not 
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shown) in latching data from the memory device 1200 during read operations. In response 
to the delayed clock signal CLKDEL, the data driver 1224 sequentially outputs the received 
N/2 bits words as a corresponding data word DQ, each data word being output in 
synchronism with a rising or falling edge of a CLK signal that is applied to clock the 
5 memory device 1200. The data driver 1224 also outputs the data strobe signal DQS having 
rising and falling edges in synchronism with rising and falling edges of the CLK signal, 
respectively. Each data word DQ and the data strobe signal DQS collectively define a data 
bus DATA. As will be. appreciated by those skilled in the art, the CLKDEL signal from the 
DLL 1227 is a delayed version of the CLK signal, and the DLL 1227 adjusts the delay of 

10 the CLKDEL signal relative to the CLK signal to ensure that the DQS signal and the DQ 
words are placed on the DATA bus in synchronism with the CLK signal. The DATA bus 
also includes masking signals DMO-M, which will be described in more detail below with 
reference to data write operations. 

During data write operations, an external circuit such as a memory controller 

15 (not shown) applies N/2 bit data words DQ, the strobe signal DQS, and corresponding data 
masking signals DMO-X on the data bus DATA. A data receiver 1228 receives each DQ 
word and the associated DMO-X signals, and applies these signals to input registers 1230 
that are clocked by the DQS signal. In response to a rising edge of the DQS signal, the 
input registers 1230 latch a first N/2 bit DQ word and the associated DMO-X signals, and in 

20 response to a falling edge of the DQS signal the input registers latch the second N/2 bit DQ 
word and associated DMO-X signals. The input register 1230 provides the two latched N/2 
bit DQ words as an N-bit word to a write FIFO and driver 1232, which clocks the applied 
DQ word and DMO-X signals into the write FIFO and driver in response to the DQS signal. 
The DQ word is clocked out of the write FIFO and driver 1232 in response to the CLK 

25 signal, and is applied to the I/O gating and masking circuit 1218. The I/O gating and 
masking circuit 1218 transfers the DQ word to the addressed memory cells in the accessed 
bank 1212A-D subject to the DMO-X signals, which may be used to selectively mask bits 
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or groups of bits in the DQ words (i.e., in the write data) being written to the addressed 
memory cells. 

A control logic and command decoder 1234 receives a plurality of command 
and clocking signals over a control bus CONT, typically from an external circuit such as a 
5 memory controller (not shown). The command signals include a chip select signal CS*, a 
write enable signal WE*, a column address strobe signal CAS*, and a row address strobe 
signal RAS*, while the clocking signals include a clock enable signal CKE* and 
complementary clock signals CLK, CLK*, with the designating a signal as being active 
low. The command signals CS*, WE*, CAS*, and RAS* are driven to values 

10 corresponding to a particular command, such as a read, write, or auto-refresh command. In 
response to the clock signals CLK, CLK*, the command decoder 1234 latches and decodes 
an applied command, and generates a sequence of clocking and control signals that control 
the components 1202-1232 to execute the function of the applied command. The clock 
enable signal CKE enables clocking of the command decoder 1234 by the clock signals 

15 CLK, CLK*. The command decoder 1234 latches command and address signals at positive 
edges of the CLK, CLK* signals (i.e., the crossing point of CLK going high and CLK* 
going low), while the input registers 1230 and data drivers 1224 transfer data into and from, 
respectively, the memory device 1200 in response to both edges of the data strobe signal 
DQS and thus at double the frequency of the clock signals CLK, CLK*. This is true 

20 because the DQS signal has the same frequency as the CLK, CLK* signals. The memory 
device 1200 is referred to as a double-data-rate device because the data words DQ being 
transferred to and from the device are transferred at double the rate of a conventional 
SDRAM, which transfers data at a rate corresponding to the frequency of the applied clock 
signal. The detailed operation of the control logic and command decoder 1234 in 

25 generating the control and timing signals is conventional, and thus, for the sake of brevity, 
will not be described in more detail. 

The control logic and command decoder 1234 would typically supply the 
external signals discussed with reference to the OCD impedance adjustment circuit 100 of 
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Figure 1, and the OCD impedance adjustment circuit 100 would typically be included with 
the data drivers 1224 previously discussed. The mode registers 1236 include the extended 
mode register 116 of Figure 1 and the memory arrays 1212A-D correspond to the memory- 
cell array 1 20 of Figure 1 . 
5 Figure 13 is a block diagram of a computer system 1300 including computer 

circuitry 1302 including the memory device 1200 of Figure 12. Typically, the computer 
circuitry 1302 is coupled through address, data, and control buses to the memory device 
1200 to provide for writing data to and reading data from the memory device. The 
computer circuitry 1302 includes circuitry for performing various computing functions, 

10 such as executing specific software to perform specific calculations or tasks. In addition, 
the computer system 1300 includes one or more input devices 1304, such as a keyboard or 
a mouse, coupled to the computer circuitry 1302 to allow an operator to interface with the 
computer system. Typically, the computer system 1300 also includes one or more output 
devices 1306 coupled to the computer circuitry 1302, such as output devices typically 

15 including a printer and a video terminal. One or more data storage devices 1308 are also 
typically coupled to the computer circuitry 1302 to store data or retrieve data fi*om external 
storage media (not shown). Examples of typical storage devices 1308 include hard and 
floppy disks, tape cassettes, compact disk read-only (CD-ROMs) and compact disk read- 
write (CD-RW) memories, and digital video disks (DVDs). 

20 It is to be understood that even though various embodiments and advantages 

of the present invention have been set forth in the foregoing description, the above 
disclosure is illustrative only, and changes may be made in detail, and yet remain within the 
broad principles of the invention. For example, many of the components described above 
may be implemented using either digital or analog circuitry, or a combination of both, and 

25 also, where appropriate, may be realized through software executing on suitable processing 
circuitry. Therefore, the present invention is to be limited only by the appended claims. 



